Tumor-initiating cells are a subpopulation of cells that have self-renewal capacity to regenerate a tumor. Here, we identify stem cell-like chromatin features in human glioblastoma initiating cells (GICs) and link them to a loss of the repressive histone H3 lysine 9 trimethylation (H3K9me3) mark. Increasing H3K9me3 levels by histone demethylase inhibition led to cell death in GICs but not in their differentiated counterparts. The induction of apoptosis was accompanied by a loss of the activating H3 lysine 9 acetylation (H3K9ac) modification and accumulation of DNA damage and downregulation of DNA damage response genes. Upon knockdown of histone demethylases, KDM4C and KDM7A both differentiation and DNA damage were induced. Thus, the H3K9me3-H3K9ac equilibrium is crucial for GIC viability and represents a chromatin feature that can be exploited to specifically target this tumor subpopulation.
Introduction
Glioblastoma multiforme (GBM) is an aggressive brain tumor with a mean survival rate of less than 1 year. 1 Glioblastoma initiating cells (GICs) represent a small subpopulation of cells in this tumor with stem cell characteristics. They can continuously selfrenew and regenerate the tumor. [2] [3] [4] GICs are resistant against radiation and chemotherapy in vitro and in vivo, probably due to an increased efficiency to repair DNA damage and a slow mitotic turnover. [5] [6] [7] [8] Accordingly, tumor recurrences after treatment of GBM have been linked to the regeneration of tumor cells from GICs. 7, 9 These considerations underline the need for identifying deregulated pathways that could be exploited to specifically target GICs or induce their differentiation and subsequent tumor shrinkage. Here, we investigated chromatin features associated with the stem cell-like state of GICs. It was shown previously that an increased plastic and open chromatin state was linked to pluripotency and the self-renewal potential of mouse and human embryonic stem cells (mESCs/hESCs). 10, 11 The chromatin distribution in the nucleus of these stem cells was more homogeneous and chromosomal proteins displayed an increased mobility than the corresponding differentiated cells. In addition, specific patterns of epigenetic modifications were observed that include a global decrease of histone H3 lysine 9 trimethylation (H3K9me3) [12] [13] [14] [15] while H3K9 acetylation, a signature of open chromatin, was increased in human ESCs. 16 Thus, the balance between histone methylation and acetylation of H3K9 is shifted toward the acetylated state in stem cells. This conclusion is supported by the finding that H3K9me3 inhibits somatic cell reprogramming into induced pluripotent stem cells 17, 18 while histone deacetylation inhibitors enhance reprogramming of somatic cells into induced pluripotent cells. 19 Likewise, knockdown of the KDM4C (JMJD2C) and KDM3A (JMJD1A) histone demethylases of histone H3 trimethylated at lysine 9 (H3K9me3) resulted in differentiation of ESCs. 20 Furthermore, an open chromatin structure has been associated with a high DNA repair capacity, [21] [22] [23] whereas H3K9me3 was reported to counteract ATM activation. 24, 25 Finally, we recently showed that, similar to pluripotent cells, cancer stem cells show reduced levels of the linker histone variant H1.0 leading to a more dynamic chromatin organization. 26 The above findings led us to test the following hypothesis in the present study: the balance between eu-and heterochromatin and associated histone modifications in GICs shares similarities with stem cell chromatin. This aberrant chromatin state is functionally important for their ability to maintain their proliferation potential, genome stability and full DNA repair capacity. We report that GICs, akin to ESCs, displayed an open and highly dynamic chromatin structure with loss of clustered H3K9me3. At the same time, H3K9 showed aberrant hyperacetylation at promoters linked to a deregulated DNA damage response (DDR). By inhibition of histone demethylases, we validated our model for the underlying mechanism and demonstrate that the selective targeting of KDM4C and KDM7A induces apoptosis and differentiation in GICs.
Materials and Methods

Cell culture and transient transfections
Mouse 129/Ola ESCs 27 used for this study were cultured in serum-free PowerStem ESPro1 (PAN, Aidenbach, Germany). The medium was supplemented with human leukemia inhibitory factor (hLIF) produced in HEK cells. Differentiation of ESCs into neuronal precursors was induced via formation of embryoid bodies in FCS containing STEMPAN medium (PAN) for 4 days. After treatment with 5 μM retinoic acid, neuronal embryoid bodies were dissociated and seeded on matrigel in neuronal stem cell medium (PAN) for 2 days. The NCH421k (CVCL_X910), NCH644 (CVCL_X914) and NCH441 (RRID:CVCL_X912) cell lines were derived from glioblastoma samples and have been described previously. [28] [29] [30] Cells were cultured as neuronal spheres in neuronal base medium supplemented with BIT9500 (Provitro, Berlin, Germany), basic fibroblast growth factor (bFGF, Provitro) and epidermal growth factor (EGF, Biomol, Hamburg, Germany) at 20 ng/μl. For differentiation, GICs were seeded on adherent surfaces in DMEM with 10% FCS, glutamine and 500 nM retinoic acid (Biomol) for up to 3 weeks. Plasmids transfection was conducted with lipofectamine 2000 (ThermoFisher Scientific, Dreieich, Germany) at 1.5 (ESCs) and 2 (GICs) times higher amounts than recommended by the manufacturer. A summary of the different cell line samples is given in Supplementary - Table S2 . All cell lines were tested for the absence of mycoplasma with the VenorGeM Advance kit (Minerva Biolabs, Berlin, Germany), and human cell lines were authenticated using single nucleotide polymorphism-profiling (Multiplexion).
Cultivated subventricular neural precursor cells from adult human SVZ specimens (SVZ-NPC) were generated as part of planned resections in patients during anterior temporal lobectomy for the treatment of intractable epilepsy from mesial temporal sclerosis. Ethical approval was obtained (UE-Nr.: 122-13). Tissue was mechanically minced and subsequently enzymatically dissociated in 1.33 mg/ml trypsin in HBSS with 2 mM glucose at 37 C for 30 min. The cells were centrifuged at 200g for 5 min, resuspended in neurobasal medium (Minerva Biolabs) supplemented with 1% HEPES, 1% L-glutamine, 1% penicillin/streptomycin, 2% B27, 20 ng/ml each of human recombinant EGF (PeproTech, Rocky Hill, NJ) and bFGF (PeproTech) and grown as neurospheres in uncoated flasks. Under these conditions, cells expanded while abundantly expressing nestin as well as PSA-NCAM, Dlx2 and doublecortin. Differentiation was induced by cultivation on laminin ornithin-coated cell-culture dishes, withdrawal of growth factors and addition of bovine serum for 14 days. It was accompanied by morphology changes and expression of β-III-tubulin, NG2, GFAP and S-100β.
For global inhibition of jumonji (JMJ) family histone demethylases dimethyloxaloylglycine (DMOG) from Axxora (Lörrach, Germany) was used. Stock solutions were prepared in DMSO and cells were treated with DMOG at a concentration of 2.5 mM in the medium for the indicated time periods. For control samples, the corresponding volume of DMSO solvent was added.
Cloning of plasmid and lentiviral vectors
The mouse plasmid constructs used for transfections have been described previously. 31 Human HP1 and suppressor of variegation 3-9 homolog 1 (SUV39H1) were cloned into pEGFP-C1 via Xho I and BamH I. KDM4C was cloned into pEGFP-N1 via XhoI and KpnI. To establish inducible shRNA-expressing lentiviral constructs, double-stranded oligonucleotides encoding the desired shRNAs against KDM4A, KDM4B, KDM4C and KDM7A RNAs were cloned into the single vector-inducible shRNA construct pLKO-Tet-On using the Age I and EcoR I restriction sites. After mixing the reconstituted sense and antisense oligonucleotides with 10× oligonucleotide annealing buffer (ThermoFisher Scientific), they were heated to 95 C for 4 min and then annealed overnight in the turned off heat block. The Roche rapid ligation kit was subsequently used to clone the resulting double-stranded oligonucleotides (0.1 nmol/μl) into the predigested and purified pLKO-Tet-On vector. The sequences of the sense and antisense oligonucleotides are listed in Supplementary Table S4 . Nontarget shRNA (Mission SHC002, Nt-shRNA) served as control.
Virus production and transduction
Lentiviral particles were produced by co-transfection of HEK293T cells with the pLKO.1 shRNA constructs or inducible pLKO-Tet-On shRNA constructs and the packaging plasmids (psPAX2, pMD2.G) using TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI). Virus-containing supernatant was harvested 72 hr after transfection and viral particles were concentrated by ultracentrifugation. The titer was determined by FACS analysis using the pLKO.1-TurboGFP plasmid. Lentiviral transduction of the NCH644 cell line was carried out at a multiplicity of infection of 5 leading to a transduction efficiency of at least 90%. A suspension of 200,000 cells in 1 ml was transduced and distributed to 96-well plates for subsequent functional analyses. Quantification of knockdown was assessed by qRT-PCR. In order to create inducible cell lines NCH644 was infected with pLKO-Tet-On nontarget shRNA and pLKO-Tet-On shRNA lentiviral particles targeting the respective KDM. After selecting the cells with puromycin (1 μg/ml) for 7 days, they were induced in medium containing 2 μg/ml doxycycline for at least 6 days.
In vivo tumorigenicity
All animal experiments were performed according to the German animal protection law. Institutional guidelines for animal welfare and experimental conduct were followed. Either 10 4 or 10 6 tumor cells were implanted stereotactically into the right hemispheres of NOD/SCID mice (Charles River, Sulzfeld, Germany). Weight, general and neurological appearance of the animals were monitored frequently. Short-term monitored groups were sacrificed after 8 weeks. Long-term monitored animals were sacrificed at the onset of first general order neurological symptoms and brains were analyzed for tumor burden.
Fluorescence microscopy and immuostaining
Fluorescence microscopy was conducted using a Leica TCS SP5 confocal laser-scanning microscope equipped with a 63/1.4 numerical aperture oil-immersion objective lens (Leica Microsystems CMS). For immunofluorescence (IF), cells were seeded on matrigel coated coverslips, fixed with 4% PFA and permeabilized with 0.25% triton in PBS. Coverslips were then incubated with primary antibodies for HP1α (1:300, 2HP-1H5 Euromedex, Souffelweyersheim, France), H3K9me3 (1:300, 07-442 Millipore, Darmstadt, Germany), γH2A.X (1:100, 07-164 Millipore) and p-ATM (1:100, MAB3806 Millipore). Zstack images were acquired and analyzed using ImageJ. For fluorescence recovery after photobleaching (FRAP) experiments, cells were seeded on matrigel coated labtek chambers transfected and then incubated for 24 hr. For each sample, at least 30 individual cells were measured with a time resolution of 270 ms/frame and an image size of 256 × 256 pixels. A circle of 1.5 μm in diameter was bleached to measure mobility in heterochromatin in ESCs, whereas a 2.5 μm circle was used for the GICs. Recovery curves were calculated and evaluated as described previously. 31 
Western blot analysis
For western blotting, 30 μg nuclear extract were loaded per lane and the following primary antibodies were used: H3K9me3 (1:300, 07-442, Millipore), H3K27me3 (1:1000, ab39155, Abcam, Cambridge, UK), H3K9ac (1:1000, 39137, Active Motif), γH2A.X (1:1000, 07-164 Millipore), H3 (1:1000, ab1791, Abcam), KDM4C (1:100, A300-885A, Bethyl Laboratories, Montgomery, TX), KDM7A (1:100, PA5-25040, ThermoFisher Scientific), β-actin (1:1000, ab8226, Abcam) and GAPDH (1:2000, AM4300 Ambion, Dreieich, Germany). Primary antibodies were detected with Alexa488-coupled secondary antibodies and signals were detected using the ChemiDoc System by Bio-Rad (Feldkirchen, Germany).
Intensities were analyzed using ImageJ.
RNA-seq and ChIP-seq
Total RNA was prepared from GICs and differentiated GICs and treated with DNase I. After depletion of ribosomal RNA with Ribozero (Epicentre) and fragmentation (RNA fragmentation kit, Illumina, San Diego, CA), the RNA fragments were reverse transcribed into double stranded cDNA and subsequently cloned into an Illumina multiplex library. Single-end reads of 50 bp length were mapped to the reference genome and differential expression analysis was done with DESeq2.
ChIP-seq was performed as described in Molitor et al. 36 Single-end reads of 50 bp length were obtained, mapped with bowtie and enrichment sites were identified with MACS. Unique peaks for either GICs or differentiated cells were identified with bedtools. For GO analysis unique peaks at the promoter were identified and subjected to DAVID. For enhancer analysis, the overlap of H3K4me1 and H3K27ac was used and unique enhancers were extracted with bedtools. GREAT was used for GO analysis of unique enhancer regions using all enhancers per cell type as a background control.
RNA isolation and qRT-PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. An amount of 500 ng of total RNA was reverse transcribed using random primers and superscript II (ThermoFisher Scientific) according to the manufacturer's instructions. Each cDNA sample was analyzed in triplicate with an Applied Biosystems Prism 7900HT real-time PCR system using the Absolute SYBR Green ROX Mix (Abgene, Portsmouth, NH). The relative amount of target gene mRNA was normalized to ARF1, DCTN2 and HPRT mRNA. Primer sequences are listed in Supplementary Table S5 .
Cell viability, apoptosis and comet assays
The cell viability assay was performed in nontreated, whitewalled flat bottom 96-well plates using the Celltiter-Glo Assay (Abgene). A single cell suspension of 100 μl containing 10,000 GICs was added to each well. Each plate contained three wells per shRNA construct, at least three wells with untreated cells and three wells of medium for background measurement. On Day 5, 100 μl of Celltiter-Glo reagent were added to each well. For the inducible cell lines, staining was performed at Day 8. Luminescence was measured after 10 min with a microplate reader.
The apoptosis assay was performed in nontreated, whitewalled flat bottom 96-well plates with the Caspase-Glo 3/7 Assay (Promega, Madison, WI). A single cell suspension of 100 μl containing 20,000 cells was added to each well. Each plate contained three wells per shRNA-construct, at least three wells with untreated cells and three wells of medium for background measurement. On Day 4, 100 μl of Caspase-Glo 3/7 reagent was added to each well. Luminescence was measured after 30 min with a microplate reader.
For the comet assay, a total of 2 × 10 5 cells per condition in three replicates was treated as indicated and embedded in low-melt agarose and spotted on glass slides using the OxiSelect kit (STA-350, Biocat, Heidelberg, Germany). Gel electrophoresis and staining were done according to the manufacturer's protocol. Image was taken with an Olympus ScanR microscope and the analysis was conducted using ImageJ.
FACS analysis
FACS measurements were conducted with a FACSCanto II (BD Biosciences, Heidelberg, Germany) flow cytometer and data processing and analysis was done with WEASEL 3.2 flow cytometry software. For viability measurements, cells were harvested and stained with TO-PRO3 in FACS buffer (10 mM HEPES, 2.5 mM CaCl 2 , 140 mM NaCl) and a FACS analysis was performed 30 min after harvesting. The annexinV/7-AAD staining was conducted on 6-well plates in triplicates by seeding 200,000 separated cells in 1 ml medium per well. Twenty-four hours after shRNA transduction, an additional ml of medium was added to each well. On Day 7, the cells were dissociated, incubated in a buffer containing 10% annexin V and 10% 7-AAD (BD Biosciences) and analyzed by FACS. For the inducible cell lines, this step was performed at Day 9. CD133 staining was performed in 96-well plates in triplicates by seeding a suspension of 15,000 cells in 100 μl per well. After 24 hr, 100 μl of fresh medium was added. On Day 5, the cells were dissociated, stained with a PE conjugated CD133/1 antibody (clone AC133, Miltenyi Biotec, Bergisch Gladbach, Germany) and subjected to FACS analysis. For the inducible cell lines, this step was performed at Day 9. The propidium iodide staining was performed in 96-well plates in triplicates with a suspension of 15,000 cells in 100 per well. After 24 hr, 100 μl of fresh medium was added. On Day 6, the cells were dissociated, stained with propidium iodide (Sigma, Munich, Germany) and analyzed by FACS.
Data availability
All original sequencing data have been deposited at the European Genome-phenome Archive (EGA, http://www.ebi. ac.uk/ega/) under the accession number EGAS00001003750. The processed sequencing data are available at the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/ geo/) database under the accession number GSE122832.
Results
GICs have an open chromatin structure
In previous studies, an open and "hyperdynamic" chromatin conformation has been identified as a general feature of stem cells with chromosomal proteins exchanging more rapidly than in somatic cells. 11, 32, 33 mESCs represent a well-established reference system for this type of increased chromatin plasticity in comparison to neural progenitor cells derived from them. 13, 34 Consistent with these previous studies, we found that heterochromatin protein 1 alpha (HP1α) as well as the histone methylase SUV39H1 that sets the H3K9me3 mark displayed increased dynamics in their chromatin interactions in mESCs ( Supplementary Fig. S1 ). Next, we tested whether these stem cell chromatin features were also present in GICs and corresponding controls ( Fig. 1 and Supplementary Table S2 ). Undifferentiated human adult neuronal stem cells from the subventricular zone (SVZ-NPC) showed a homogenous distribution of HP1α and the H3K9me3 modification and both features accumulated into distinct nuclear foci upon differentiation with retinoic acid (Fig. 1a ). We then compared the GIC cell line NCH421k with retinoic acid differentiated NCH421k (NCH421k-diff) cells 29 (Fig. 1b ). NCH421k cells displayed the same disperse distribution of heterochromatin markers throughout the nucleus with a morphology very similar to the neuronal stem cells (Fig. 1c , top and Fig. 1a ). In contrast, dense heterochromatin foci were detected in NCH421k-diff cells (Fig. 1c, bottom) . To exclude indirect effects of retinoic acid on chromatin organization, we included a CD133 negative cell line NCH441 as a reference (Fig. 1b) . In contrast to NCH421k, NCH441 has low tumorigenic potential as shown in mouse xenograft experiments ( Supplementary Table S3 ). Consistent with the proposed relation between global chromatin features and the self-renewal potential, we observed distinct heterochromatin foci in NCH441 (Fig. 1c, middle) . Eight, seven and one foci were counted on average for NCH421k-diff, NCH441 and NCH421k, respectively ( Supplementary Fig. S2a ), and global H3K9me3 levels increased upon differentiation ( Supplementary Fig. S2b ). The heterochromatin foci were also present in FACS-sorted CD133 negative NCH644 cells but not in CD133 positive cells, which would represent the GIC fraction in this cell line ( Supplementary Fig. S2c ). Using IF, we quantified levels of histone acetylation and H3K4me3 as markers for open chromatin. Both histone acetylation and H3K4me3 were elevated in NCH421k as compared to the CD133 negative NCH441 clone ( Supplementary Fig. S2d ). Next, we evaluated whether the globally decondensed chromatin structure in NCH421k correlated with a faster exchange of chromatin-bound HP1α and SUV39H1 in comparison to NCH421k-diff and NCH441. A quantitative FRAP analysis was conducted as described previously for these two proteins. 31, 35 We found that both HP1α and SUV39H1 were significantly more mobile in the NCH421k GIC cell line (Figs. 1d-1i and Supplementary Table S1 ). In NCH421k cells, HP1α showed a recovery rate that was comparable with NCH441 and NCH421kdiff cells for euchromatin as quantitated by the effective diffusion coefficient ( Figs. 1e and 1f ) . The difference in mobility became more pronounced when heterochromatic regions were included, demonstrating that HP1α binds more tightly at nuclear subcompartments where it is enriched. The immobile fraction comprised only 1-2% and was similar in all cell types and chromatin subcompartments. In contrast, for SUV39H1 the immobile fraction (average residence time >2 min in the chromatin bound state) was reduced by about 10% in NCH421k GICs as compared to the other cell types (Figs. 1h and 1i) . Thus, high affinity sites of SUV39H1 protein as represented by its immobile fraction were considerably more abundant in differentiated cells. From a fit of the data to a binding model, a kinetic dissociation rate of k off = 0.04/sec and a lifetime of 1/k off = 25 sec for the mobile SUV39H1 fraction was obtained for all cell types suggesting that the corresponding binding sites are present in all cell types.
In summary, we conclude that GICs have a stem cell-like, globally decondensed and more dynamic chromatin organization in comparison to their non-tumorigenic counterparts. The global chromatin state was characterized by the absence of foci that contained HP1α, SUV39H1 and H3K9me3 and elevated histone acetylation levels. HP1α and SUV39H1 displayed reduced chromatin-binding affinity to chromatin as compared to the non-tumorigenic reference cell types. 
GICs display H3K9ac enrichment and loss of H3K9me3 and H3K27me3
To identify deregulated histone lysine modifications in GICs, we mapped H3K4me1, H3K4me3, H3K9ac, H3K9me3, H3K27ac, H3K27me3 and H3K36me3 by ChIP-seq in NCH421k and NCH644 GIC cells vs. differentiated NCH421k and NCH441 cells as controls ( Fig. 2a) . To compare the extension and abundance of domains with different histone modifications, we calculated their correlation functions as described previously 36 (Fig. 2b) . For both H3K4me1 and H3K9ac, much higher amplitudes were observed for GICs indicative of an enrichment of these marks at specific loci in the undifferentiated state. Both heterochromatic H3K9me3 and H3K27me3 marks displayed an increase of larger domains in the range of 3-50 kb in differentiated cells. The ChromHMM state annotation derived from the histone mark distribution showed that regions enriched for both H3K4me1 and H3K27ac or H3K4me1 alone changed upon differentiation to H3K4me1 only or to an unmodified state, respectively (Fig. 2c ). This suggests that active enhancers were reverted to their poised state during differentiation and that poised enhancers were rendered inactive. Additionally, nearly all regions that harbored H3K9ac in GICs retained a lower signal for this mark upon differentiation ( Supplementary Fig. S3a ). These results were fully consistent with the findings from the microscopy image analysis and indicate that H3K9me3 and H3K27me3 formed large domains (>50 kb) upon differentiation, whereas H3K9ac was generally enriched in GICs.
Next, we investigated H3K9ac at promoters and enhancers as identified by the presence of H3K4me1 and H3K27ac. Overall, our analysis shows that GIC-specific H3K9ac genes were enriched in the functional GO cluster of cell cycle and response to DNA damage (Fig. 2d ). Unique active enhancers were linked to genes involved in the Wnt signaling cascade and cell fate processes ( Supplementary Fig. S3b ). H3K9ac in the control cells was enriched in genes associated with regionalization, neuronal development and differentiation (Fig. 2d) . These findings were also reflected in the RNA-seq analysis. Upregulated genes in GICs were related to cell cycle and response to DNA damage, whereas cell adhesion and differentiation were among the top enriched GO terms for differentiated GICs (Fig. 2e) .
From the peak calling analysis of the ChIP-seq data, promoters were identified that had H3K9ac only in GICs. These promoters represent potential target sites for histone demethylases in GICs, since differential histone demethylation activity could lead to a loss of H3K9 methylation and subsequent acetylation of demethylated H3K9. 
GIC WT GIC DMOG
DMOG treatment increases the H3K9me3-H3K9ac ratio in GICs
Our findings suggest that inhibiting histone demethylation activity could change the histone modification patterns of GICs toward the differentiated state. To test this hypothesis, we employed DMOG as a broad range lysine-demethylase inhibitor. 37 Two days of inhibition with DMOG led to twofold higher H3K9me3 levels in NCH421k cells and loss of H3K9ac (Fig. 3a) . In addition, DMOG treatment induced heterochromatin foci (Fig. 3b) , while transfection of NCH421k-diff cells with the histone demethylase KDM4C reduced heterochromatic H3K9me3 foci and released HP1α from these sites ( Supplementary Fig. S4 ). Overexpression of KDM4C in differentiated GICs did not induce any detectable changes in morphology or proliferation within the observed time frame of 72 hr.
To further dissect the DMOG-induced chromatin reorganization, we prepared ChIP-seq and RNA-seq libraries for untreated and 48 hr DMOG-treated cells and followed both the changes in histone modifications and gene expression. In line with the western blot analysis, the resulting ChIP-seq profiles revealed a strong DMOG-induced reduction of histone acetylation marks at promoters for GICs (Fig. 3c ), while this effect was only moderate for differentiated GICs. In addition to the global enrichment of H3K9me3, we found a TSS-associated enrichment of H3K27me3 after DMOG treatment (Fig. 3c ). This transition was accompanied by a reduction and partial relocation of the H3K36me3 signal to the TSS suggesting a reduced transcriptional (elongation) activity at corresponding genes. The change of H3K36me3 was not observed in differentiated glioblastoma cells, while H3K9me3 and H3K27me3 levels were moderately increased globally ( Supplementary Fig. S3a ). Both H3K4me1 and H3K4me3 were unaffected by DMOG treatment in both cell types ( Fig. 3c and Supplementary Fig. S3a ). Functional clustering analysis of differentially expressed genes after DMOG treatment revealed DNA repair and cell cycle as the main targets ( Fig. 3d and Supplementary Tables S6 and S7) . A quarter of genes downregulated after DMOG treatment overlapped with those that were primarily marked by H3K9ac at their promoters. DMOG induced genes of the MAPK, HIF1 and Notch pathways ( Supplementary Table S6 ). 38 Overall, genes downregulated by DMOG and genes upregulated in GICs in comparison to GIC-diff cells were enriched in the same pathways.
DMOG treatment enhances the DNA damage susceptibility of GICs
To assess the functional relevance of the DMOG-induced changes, we evaluated the cell viability. Cells were treated with DMOG at a concentration of 2.5 mM for 2 and 5 days. At these time points, cells were harvested and stained with TO-PRO3 to identify apoptotic cells that incorporated this dye. After 5 days of treatment, the vast majority of NCH421k cells became apoptotic, while the other cell types were largely unaffected (Fig. 4a ). The DMOG treatment increased the level of the DNA damage marker γH2A.X as shown by IF and western blot already after 2 days ( Figs. 4b and 4c ). The DMOG-treated cells displayed an increase in γH2A.X foci that colocalized with phosphorylated ATM, which is the active form of the central signaling kinase in the DNA double-strand break repair pathway (Fig. 4b ). To confirm that the above markers indeed reflected an accumulation of DNA double strand breaks, we analyzed cells 48 hr after DMOG treatment with the comet assay. As depicted in Figure 4d , DNA damage accumulated as apparent from the characteristic "comet tail" structures in both GIC cell lines but not in the control cell line (p-values below 0.0001 for both NCH421k and NCH644 and above 0.2 for NCH441). We conclude from the above experiments that histone demethylation activity is important for DNA damage repair and viability GICs.
KDM4C and KDM7A histone demethylases are essential to maintain GIC viability
As DMOG affects also non-KDM targets, we performed an shRNA analysis to validate the importance of specific histone demethylases for the deregulated chromatin state of GICs. To this end, we established stable cell lines of NCH644 GICs to conduct an inducible knockdown of H3K9me2/3 and H3K36me2/3 demethylases KDM4A (JMJD2A), KDM4B (JMJD2B) and KDM4C (JMJD2C) as well as KDM7A (JHDM1D) that demethylates H3K9me1/2 and H3K27me1/2. 39 Each KDM was knocked down with two shRNA constructs, and cell viability was measured by a luminescence assay. In addition, a FACS analysis was conducted to assess apoptosis via Annexin/7-AAD staining and stemness/differentiation with the CD133 marker. The siRNAs targeting of KDM4C induced differentiation as evident by the loss of CD133 while KDM7A knockdown resulted in apoptosis (Fig. 5a ). In contrast, knockdown of KDM4A and KDM4B was not associated with a differentiation or apoptosis phenotype. Furthermore, the depletion of KDM4C and KDM7A increased H3K9me3 and H3K27me3 levels and the DNA damage γH2A.X phosphorylation marker (Fig. 5b) . Next, for KDM4C and KDM7A, RNA-seq libraries of induced and uninduced cells for two different shRNAs per target were prepared. Differential expression analysis for KDM7A revealed only a small number of downregulated and upregulated genes which were associated with fundamental metabolic processes and regulation of neuronal differentiation, respectively ( Supplementary Tables S8  and S9 ). This is in line with the finding that both viability and stemness were impaired after knockdown as shown by our FACS assays. Knockdown of KDM4C resulted in downregulation of a set of genes involved in DNA repair that was similar to the genes with exclusive H3K9ac at their promoters and reflects a loss of proliferation capacity (Fig. 5c ). This finding corroborates the conclusion that H3K9ac promoters are indeed KDM targets. The differentiation phenotype that was observed after KDM4C knockdown can be rationalized by the activation of genes involved in neuron projection morphogenesis, adhesion and response to oxygen levels after knockdown-all pathways that were upregulated after differentiation or treatment with DMOG (Fig. 5d ). The results demonstrate that KDM4C and KDM7A are crucial for DNA repair and genome integrity and thus survival of GICs.
Discussion
The frequent tumor relapse during treatment of glioblastoma might originate from a small subpopulation of GICs with stem cell characteristics such as multipotency and self-renewal. 5, 6 Accordingly, exploiting the stem cell-like chromatin features of these cells as drug targets could represent a novel approach to develop more efficient treatment strategies. Here, we report on the deregulated epigenetic network in GICs that is centered around H3K9me2/3. In these cells, the latter mark was depleted at promoters while the opposing H3K9ac modification was strongly enriched. In addition, we found GIC-specific activities of the H3K9me2/3 reader protein HP1α as well methyltransferases like SUV39H1 and the JMJ-type demethylases KDM4C and KDM7A that can remove theses marks. Another repressive mark, H3K27me3, displayed a reduced domain size in GICs, which supports the conclusion that chromatin in these cells is in a more open and plastic stem cell-like state. Furthermore, it is noted that deregulation of H3K27me3 was recently linked to the presence of bivalent chromatin domains in glioblastoma subtypes that pointed toward dedifferentiation into a more stem cell-like phenotype. 40 Since KDM enzymes can be competitively inhibited with α-ketoglutarate mimics like DMOG, 37, 41 we evaluated the cellular response toward this compound. Remarkably, inhibition of NCH421k and NCH644 GICs with DMOG restored global H3K9me3 levels to that of the differentiated references, led to DNA damage and induced cell death specifically in the GIC cell lines. In contrast, the non-tumorigenic controls as well as differentiated cycling and non-cycling cells were not affected. Neither DNA damage nor apoptosis was induced in the controls as shown by γH2A.X levels and the comet assay. Thus, we conclude that inhibition of histone demethylases that use α-ketoglutarate as a donor has little impact on differentiated cells.
The gene expression changes underlying the selective killing of GICs by DMOG were dissected by RNA-seq. About 75% of DMOG-responsive genes were downregulated and showed loss of H3K9 acetylation promoter peaks present in untreated GICs that were enriched at DDR genes. Thus, constant histone demethylation was needed for lysine acetylation at these promoters. DMOG is also a potent stabilizer of hypoxia inducible factor 1 (HIF-1) that inhibits differentiation by inducing the Notch signaling pathway, 42 which could promote self-renewal and survival of GICs. 43, 44 Indeed, Notch target genes were induced upon DMOG treatment as inferred from the RNA-seq analysis. However, the potential effects of Notch induction appeared to be secondary to the loss of viability due to repression of DNA repair pathways.
KDMs have previously been reported to play a central role in tumor growth, proliferation and survival. [45] [46] [47] [48] [49] In our study, the knockdown of several KDMs revealed that the histone demethylases KDM4C and KDM7A acting on H3K9me2/me3 were essential to maintain GICs. Interestingly, our RNA-seq data did not reveal an overexpression of KDM4C or KDM7A transcripts in GICs. This suggests that the deregulated activity of these KDMs in GICs as compared to differentiated cells occurred either on the protein level or was related to different gene targeting modes. We found that KDM4C knockdown mainly affected genes involved in DNA repair with a phenotype that was similar to DMOG treatment. It is noted that efficient DDR is a key characteristic of both normal and cancer stem cells and essential for their resistant to DNA damaging drugs. 50 KDM4 enzymes contribute to this activity and overexpression of KDM4B was linked to a higher efficiency of DDR after irradiation. 51 Furthermore, it has been shown that the self-renewal capacity of ESCs requires KDM4B and KDM4C to prevent accumulation of H3K9me3 at promoters 52 while the H3K9me3 mark blocks reprogramming into induced pluripotent stem cells. 17, 18 Thus, the reduction of H3K9me3 via an increased KDM4 activity and the concomitant rise of H3K9ac levels appears to be a crucial chromatin feature of the stem cell state that is reproduced in the GIC cell lines studied here. KDM7A, the other demethylase we found as essential for GIC viability, appears to have different targets. Its knockdown repressed vital metabolic genes. Interestingly, for both KDMs genes upregulated upon knockdown were mainly associated with activities linked to differentiation.
We conclude that KDM4C and KDM7A represent promising drug targets for GICs by inducing differentiation and apoptosis. Since their activity was linked here to maintenance of a deregulated DDR, we predict that the effect of KDM inhibition can be further enhanced by a combination with DNA damage inducing agents. It is noted that KDM4 inhibition was recently shown to target stem-like cells also in breast cancer 53 raising the possibility that increased KDM4 activity is a general feature of tumor inducing cells.
